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INTRODUCTION 

Natural gas can be used in low-temperature f u e l  c e l l  
systems i n  several  ways. Although t h e  d i r e c t  methane c e l l  has 
proven feas ib le ,  I’ present and forseeable technology of such 
systems w i l l  be very cos t ly  because of t h e  quant i ty  and type of 
c a t a l y s t  required f o r  d i r e c t  anodic oxidation. The i n d i r e c t  ce l l ,  
which requires t h e  reforming o f  methane followed by t h e  
u t i l i z a t i o n  of hydrogen, seems more a t t r a c t i v e  a t  t h e  present time. 
W i t h  a lka l ine  e l e c t r o l y t e  systems it i s  necessary t o  use high-purity 
hydrogen as t h e  f u e l .  
an  external  reformer and purifying t h e  gas with a palladium-silver 
d i f fuser ,  o r  by reforming t h e  gas i n  s i t u  i n  a fuel c e l l  t h a t  
employs a palladium-silver-hydrogen d i f fbs ion  anode. 
i n  t h e  gas industry,  it i s  e s s e n t i a l  that both f i r s t  cos ts  and 
operating costs  remain low. Accordingly, t h e  program at IGT has 
focused i t s  a t t e n t i o n  on development of a hydrogen generator-f ie1 
c e l l  system i n  which t h e  feed from t h e  reformer i s  r i c h  i n  
hydrogen but unpurif ied,  t h e  enrichment being achieved by 
conventional chemical processing techniques. It i s  r ea l i zed  that  
t h i s  implies t h e  use of a f u e l  c e l l  of the ac id  e l e c t r o l y t e  type 
which i s  present ly  more expensive than t h e  a lka l ine  e l e c t r o l y t e  f u e l  
c e l l .  Nevertheless we believe that t h e  cost  o f  t k a c i d  e l e c t r o l y t e  
c e l l  can be g r e a t l y  reduced e spec ia l ly  where t h e  f’uel i s  hydrogen. 
The other  fac tors  a f f ec t ing  t h e  decis ion t o  pursue t h i s  system have 
been outlined i n  an e a r l i e r  publ icat ion i n  t h i s  s e r i e s . 3  Design 
of a na tu ra l  gas-fueled hydrogen generator i s  described here i n  
which t h e  product i s  s u i t a b l e  for use i n  any acid e l e c t r o l y t e  fuel c e l l  

This may be obtained by steam reforming i n  

For appl icat ion 

HYDROGEN-GENERATION PROCESS 

The hydrogen generation process used i n  t h e  IGT system 
has been described i n  d e t a i l .  It consis ts  o f  th ree  stages:  F i r s t ,  
na tu ra l  gas i s  steam-reformed a t  8 O O 0 C  t o  produce a hydrogen-carbon 
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monoxide-carbon dioxide mixture. The e f f luent  from this f i r s t  
r eac to r  i s  then cooled and fed  t o  a carbon monoxide s h i f t  reac tor  
operat ing a t  about 270°C, wherein t h e  carbon monoxide content of 
t h e  gas i s  reduced from a typ ica l  15% (dry b a s i s )  t o  about 
2000 pa r t s  per  mi l l ion .  For c e r t a i n  ac id  f ie1 c e l l s  operating 
above 100°C t h i s  gas might prove t o  be  an acceptable feed, but,  
f o r  lower temperature c e l l s  it i s  des i rab le  t o  fu r the r  reduce t h e  
carbon monoxide content  of t h e  feed gas. This i s  achieved i n  
t h e  l as t  s tage by passing t h e  e f f luent  from the carbon monoxide 
s h i f t  reac tor  through a low-temperature ( 190°C), se l ec t ive  
methanation r eac to r  i n  which t h e  carbon monoxide content of t he  
gas  i s  reduced t o  approximately 20 p a r t s  per  mi l l i on  by reac t ion  
with hydrogen t o  produce methane. Typical gas compositions along 
i i i th  t h e  free energy f o r  these  reac t ions  are summarized i n  Tables 1 
2nd 2. It can be seen t h a t  the reforming and carbon monoxide s h i f t  
reac t ions  proceed, f o r  p r a c t i c a l  consideration, t o  equilibrium. The 
r eac t ion  based on the  methanation of carbon monoxide alone i s  a 
long iJay from equi l ibr ium and improvement might be expected. The 
l a rge  deviat ion from equi l ibr ium i s  probably due t o  r eac t ion  of 
ccrbon dioxide with hydrogen t o  produce carbon monoxide. 

HYDROGEN GENERATOR DESIGN 

For t h e  hydrogen generat ion process t o  be a t t r a c t i v e  it 
i s  necessary t h a t  an in t eg ra t ed  three-s tage,  gas-f i red hydrogen 
generator  that i s  se l f - con t ro l l i ng  be designed and constructed.  
Limited data  i s  a v a i l a b l e  on t h e  design of complete hydrogen generation 
systems with s m a l l  capaci ty .  4' 

because it represented a readi ly  packageable eas i ly  fabr ica ted  un i t  
v i t h  loii pressure drop. 

The f i r s t  problem encountered i n  t h e  design was t h e  
development of a gas- f i red  burner t h a t  could operate  on low-pressure 
gas ( 0  i n .  we), b r ing  the r e l a t i v e l y  compact reformer reac tor  t o  
operat ing temperature, and maintain t h e  desired heat input t o  
s u s t a i n  the endothermic steam-reforming react ion.  It was found 
tha t  reac tors  of t h e  present  design, or of almost any design, did 
not  have s u f f i c i e n t  heat t r a n s f e r  a r ea  t o  permit heat ing by a 
convective process.  To obta in  a higher e f f ec t ive  heat  t r a n s f e r  
coef f ic ien t ,  both s ides  of t h e  annular reac tor  were encased i n  
annular sect ions f i l l e d  w i t h  t h e  re f rac tory  material of high 
surface mea .  The sec t ions  could be brought t o  t h e  desired 
temperkture by convection and would i n  t u r n  heat t h e  reformer 
by rad ia t ion  from the re f rac tory .  
t h i s  system i s  shown i n  Fig. 1. The reforming s tage  of t h e  hydrogen 
generator,  which i s  capable of reforming 25 cu f t  o f  methane 
per  hour, is shown i n  Fig.  2.  

The second problem encountered i n  t h e  present system 
\res t o  f ind a means f o r  reducing the temperature of the  hot f l u e  
geses t o  meintain the second- and th i rd-s tage  reac tors  at t h e i r  
proper opereliing temperatures.  The so lu t ion  w a s  t o  cool both the  
f l u e  g:es from t h e  n e t u r a l  gas burner and t h e  product gas from t h e  
rerormer reac tor  b5i generat ing and superheating process steam. 
f l u e  gas end t h e  product gases a re  e f f ec t ive ly  cooled by t h i s  
procedure but t h e  achievable temperature control  was not accurate  

I n  t he  IGT system an annular reac tor  design was chosen 

A t yp ica l  burner design f o r  

The 
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enough f o r  t h e  s h i f t  and methanation s tages .  Obtainment of  temperature 
control  i n  these two reac tors  within t h e  desired limits, w a s  made 
possible  by jacket ing the  reac tors  with constant bo i l i ng  f lu ids .  
Dow-Therm A and Dow-Therm E have been chosen f o r  t h i s  purpose. 
The jacketed s h i f t  and methanation u n i t s  a r e  shown i n  Figs.  3 and 4. 
Temperature control  of these reac tors  i s  achieved by dependence of  
pressure on temperature of t h e  Dow-Therm liquid-vapor systems. The 
Dow-Therm vapor pressur izes  a Sylphon bellows which t ransmits  a pressure 
s igna l  t o  ac tua te  damper valves which control  t h e  d i r ec t ion  of 
flow of hot flue gases.  Water flow valves which, i n  tu rn ,  control  
t he  flow of cooling water t o  t h e  Dow-Therm vapor condensers a l so  
ac t iva ted  by t h i s  means. 

generator  t h a t  suppl ies  a constant amount of product gas.  The 
Sylphon bellows (Fig.  1) has t h e  f u r t h e r  advantage o f  not 
requir ing any p a r a s i t i c  power from t h e  f u e l  c e l l  system; it i s  
a l s o  r e l a t i v e l y  inexpensive. The only auxiliary power on the 
present reformer i s  t h a t  needed f o r  a small a i r  blower which 
provides combustion air. This blower draws about 40 watts at 
m a x i m u m  a i r  demand. The complete system i s  shown schematically 
i n  Fig. 5. 
shown i n  Fig. 0. 

This mode of  control  i s  espec ia l ly  su i t ed  t o  a hydrogen 

Th? ac tua l  unit with a 100 cu f t / h r  capaci ty  i s  

PERFORMAPJCE CHARACTERISTICS 

Hydrogen generators  very s imi l a r  i n  design t o  t h e  one 
described i n  t h e  present paper have been success f i l l y  operated a t  
IGT, producing the gas given i n  Table 1. The best  ove ra l l  
e f f ic iency  achieved w i t h  t h i s  type reformer i n  150 hours of 
i n t e rmi t t en t  opera t ion  has been 41%. This f igu re  w a s  obtained 
with a u n i t  tha t  has an output of 50 cu f t  of hydrogen per hour. 
The system present ly  under test has an  output capaci ty  o f  100 cu f t  
o f  hydrogen per hour; overa l l  e f f ic iency  f igures  of about 50% 
are ant ic ipa ted .  

Gas of t h e  type produced by t h i s  hydrogen generator  has 
been extensively t e s t e d  i n  low-temperature acid f u e l  c e l l s .  U s e  
o f  these  gases i s  the subject  of P a r t  I1 o f  t h i s  paper. 
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Table I 
Composition, Mole percent 

i Reactor Hz COa CH4 HpO CO Nz T°C 

' Reformer I n  o 0.107 * 0 87.268 0.046 800 -Q) 

Reformer Out 34.644 3.773 0.045 6.847 54.654 0.036 800 -7.287 
Shifter I n  34.644 3.773 0.045 6.847 54.654 0.036 270 -5.18211 

Shifter Out 41.346 10.475 0.045 0.146 47.952 0.036 270 -2.30975 

Methan. I n  41.346 10.475 0.045 0.146 47.952 0.036 190 -26.50958 

Methan. Out 41.030 10.505 0.190 0.001 48.236 0.036 190 -20.05782 
1 

*See Table I1 

Table I1 

'1 ', 
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I 
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Fig. 1. -NATTJRAL GAS BURNER USED AS PRIMARY HEAT SOURCE FOR 
, KYDROGEN G m T O R ,  
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Fig. 2 .  -REFORMER AND CONTROL SECTION OF THE TiyDilOGEX GENERATOR 
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F i g .  3 .  -JACKETED CARBON MONOXIDE SHIFT REXCTOR 
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Fig. 4 .  -JACKETED METHANATION REACTOR 



I 

- 3 0 -  

I I  I 

COOLING 
WATER 

, T F 

LEGEND: 

1 - Double Ring Burner 
2 - Steam Reformation Reactor 
3 - CO Shift Reactor 
4 - Mcthonotion Reactor 
5 - Heat Exchangers 
6 - Condenser 
7 - Dowtherm A Condenser 
8 - Dowthcrm E Condenser 
9 - Dowtherm Vapor Actuoted 

10 - Dowtherm Vapor Actuoted 

11 - Counterbolance Bellows 
12 - Monuol Control Flue Damper 
13 -Automatic Control Flue Damper 
14 - Dowtherm A Jacket 
15 - Dowtherm E Jocket 
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Fig. 5 . - S C H E M A T I C  R E P E S E N T A T I O N  OF I G T  HYDROGEN GENERATOR SHOWING 
REACTORS AND CONTROL LOOPS 
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